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Expression of betaine transporter mRNA: Its unique localization and
rapid regulation in rat kidney. Betaine is a major compatible osmolyte in
the renal medulla. It is taken up into cells via the betaine y-amino-n-
butyric acid transporter (BGT-1). We investigated the localization of
BGT-1 mRNA and its acute regulation by NaCI and furosemide admin-
istration. In situ hybridization revealed that BUT-i mRNA is predomi-
nantly present in the outer medulla and papilla. Less intense signals were
seen in the inner medulla and no signals were found in the cortex.
Microscopic examination suggested that intense signals were present in
the medullary thick ascending limbs of Henle's loop (MTAL) and the
inner medullary collecting ducts (IMCD). A reverse transcription and
polymerase chain reaction assay of individual microdissected segments
along the nephron confirmed its localization. Intraperitoneal administra-
tion of NaCI rapidly increased the signal in the MTAL, and furosemide
prevented the increase in BGT-1 mRNA by NaCI loading. In contrast,
BGT-1 mRNA in the IMCD is less sensitive to these kinds of acute
regulation. These results suggest that BUT-i expression in the MTAL is
rapidly regulated in response to the magnitude of NaCl absorption, as
suggested for the expression of Na/myo-inositol cotransporter.
A variety of cells and organisms exposed to hypertonicity
maintain intracellular electrolyte concentration at the same level
as in isotonic cells, balancing extracellular hypertonicity by accu-
mulating small organic solutes that do not perturb cell function
[1]. These solutes are referred to as "compatible osmolytes," since
they are compatible with enzyme function [1]. The predominant
renal medullary osmolytes are betaine, myo-inositol, taurine,
sorbitol and glycerophosphorylcholine (GPC) [2]. Betaine is iden-
tified as one of the major osmolytes in the renal medulla [3] and
some kidney-derived cultured cells. Madin-Darby canine kidney
(MDCK) cells accumulate betaine through Na and Cl -coupled
transporter when cultured in a hypertonic medium [4, 5]. A
cDNA encoding betaine y-amino-n-butyrie acid cotransporter
(BUT-i) was isolated from MDCK cells [5]. The increase in
BUT-I transporter activity in response to hypertonicity is pre-
ceded by an increase in transcription of BUT-i and in the
abundance of BGT-i mRNA [6]. The canine BGT-i gene has
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been recently cloned [71, and a hypertonic stress-responsive
element has been identified from the 5'-flanking region of the
BGT-1 gene [8]. These data from studies with cultured cells
indicate that transcription is the primary step in regulation of
BGT-1 by hypertonicity.
In spite of the extensive studies concerning molecular mecha-
nism for osmoregulation of BUT-i in vitro, only a little informa-
tion is available about the expression of the transporter in vivo.
Using BUT-i eDNA as a probe, mRNA had been detected in
kidney medulla but not in brain, liver, and kidney cortex by
Northern blot analysis [5]. The more sensitive reverse transcrip-
tion and polymerase chain reaction (RT-PCR) assay revealed that
BGT-I mRNA is expressed in various tissues [7]. There has been
a considerable number of studies regarding osmoregulation of
betaine content in the renal medulla. In rabbit kidney, betaine is
virtually absent from the cortex and rises monotonically toward
the tip of the papilla [9]. It is somewhat higher, however, in the
outer medulla than is sorbitol or GPC. Interestingly, betaine levels
in the outer medulla in rat kidney are twofold higher than those in
the part of the inner medulla adjacent to the outer medulla [10].
Betaine levels increase from the inner medulla to papillary tip so
that the levels are highest in the papillary tip. This distribution
pattern is similar to that for myo-inositol, which is found in
substantial amounts in the cortex and outer medulla in addition to
the inner medulla [11]. The difference between the two osmolytes
is that there is no or little betaine in the cortex.
There have been some reports concerning in vivo expression of
Na' !myo-inositol cotransporter (SMIT). Our previous report [12]
showed that the abundance of SMIT mRNA was highest in the
outer medulla of the kidney, and a small but significant amount of
SMIT mRNA was present in the cortex [12]. Using in situ
hybridization, we have recently demonstrated that SMIT mRNA
is predominantly present in the thick ascending limbs of Henle's
loop (TAL) and macula densa cells, as well as in the inner
medullary collecting ducts (IMCD) [13]. NaC1 loading increased
the signals for SMIT throughout the TAL, and furosemide
reduced the signals. There have been, however, no reports
concerning the in vivo expression and regulation of BUT-i.
To gain insight into the regulation of expression of BGT-l, we
determined the regional and cellular distribution of BUT-i
mRNA in rat kidney, using in situ hybridization as well as
RT-PCR of isolated nephron segments. We also investigated the
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effects of acute loading of NaC1 and furosemide administration on
the expression of BGT-1. Moreover, we compared the localization
of expression of BGT-1 to that of other osmolyte-related genes
such as SMIT and aldose reductase (AR).
Methods
Animals
Male Wistar rats, weighing -150 g, received water and standard
rat chow for several days prior to the experiments. To load NaCI,
1.5 ml of 1.5 M NaCI per 100 g body wt was administered by
intraperitoneal injection and the rats were then deprived of water.
After 1, 2, 3, 5, or 8 hours the animals were deeply anesthetized by
an intraperitoneal injection of pentobarbital (50 mg/kg). For RNA
extraction, three rats for each time point were euthanized by
decapitation and blood samples were taken. The cortex and
medulla were dissected from the kidney slices and were subjected
to RNA extraction. For renal tubule microdissection, the left
kidney was perfused with the solution containing collagenase as
described [14]. For in situ hybridization, three rats for each time
point were transcardially perfused with a solution of 4% para-
formaldehyde.
To see the effects of furosemide, intraperitoneal injection of 20
mg/kg of furosemide was performed simultaneously with NaC1
loading. After two or five hours, six rats for each time point (half
for RNA extraction and the others for in situ hybridization) were
treated by the same procedures described above.
Sodium concentrations were measured using an electrolyte
autoanalyzer (Hitachi, TYPE-710, Tokyo, Japan). Osmolality was
measured with a freezing point osmometer (Kyoto-Daiichi-Ka-
gaku, OM-6010, Kyoto, Japan).
Probes
To prepare the probe specific for rat BGT-1, rat kidney RNA
was reverse transcribed (RT) and subjected to polymerase chain
reaction (PCR) amplification with specific 5' and 3' primers for
BGT-1 eDNA from MDCK cells. The primer sequences were as
follows: TGGGCAATGTCTGGAGG1TFC (sense primer, cor-
responding to nucleotides 167 to 187) and CCAGGCCAGCA-
GAAGGCACAG (antisense primer, corresponding to nucleo-
tides 663 to 643).
The PCR fragment with the expected size (497 bp) was
subcloned into pT7 Blue (R) T-vector plasmid (Novagen, Madi-
son, WI, USA). Sequencing of double stranded DNA was done
using fluorescence labeled M13 forward or M13 reverse primer on
an automated sequencer (Applied Biosystems Inc., Foster City,
CA, USA). There is an 85% identity of the DNA sequence and
89% identity of amino acid sequences compared to canine BGT-1
cDNA. Interestingly, there is an 89% identity of the DNA
sequence compared to mouse GAT-2 cDNA [5I. This suggests
that mouse GAT-2 and BGT-1 may be the same transporter,
although their distributions assessed by Northern hybridization
look different [161. When a canine probe was used for Northern
blot analysis of rat RNA, the signal was so weak that detection of
BGT-1 mRNA took about a week even in the medulla. The
pattern of the blot for rat probe was the same as canine probe, but
the signal was much more intense than canine probe even after
high stringency wash. These results confirmed that the probe was
a partial clone of rat BGT-1 cDNA.
For in situ hybridization, the 1.4 kb BspMII fragment of the
canine BGT-1 cDNA was subcloned into pSPORT (Gibco BRL,
Gaithersburg, MD, USA). The partial clone of rat BGT-1 cDNA
(497 bp) was also subcloned into pSPORT. To make the 35S-
labeled sense or antisense cRNA probe, an in vitro transcription
was performed using T7 RNA polymerase or SP6 RNA polymer-
ase after linealizing by cutting with an appropriate restriction
enzyme. The signals using rat probe were much more intense than
the canine probe with a similar pattern, and therefore only the
results of rat probe are included in this report.
To see the localization of SMIT in the kidney, partial clone of
rat SMIT cDNA, which has been originally cloned using RT-PCR
method [13], was used for synthesis of cRNA probe. For hybrid-
ization of AR mRNA, oligonucleotide probe specific to AR
mRNA [171 (5 '-CACAAAATCGGTGTCACTAGGAATCACG
TTTCCCGATGCATCCAG-3') complimentaiy bases 418 to 462,
were synthesized using an Applied Biosystems DNA synthesizer,
then purified using Hitachi high performance liquid chromatog-
raphy (ODS column chromatography). The probes were labeled
at the 3' end using [a-S] ATP (1000 to 1500 Ci/mmol, NEN).
Northern blot and slot blot analyses
Total RNA was isolated from the cortex and medulla of kidney
tissue by acid guanidium thiocyanate-phenol-chloroform extrac-
tion as described [18]. For Northern analysis, 20 g of total RNA
was separated on a 1% agarose formaldehyde gel and was
transferred to a nylon membrane (HybondTM-N; Amersham). For
slot blot analysis, 5 g of RNA was spotted on to a nylon
membrane using a slot-blot filtration manifold (Schleicher &
Schuell, Dasel, Germany). Full-length canine BGT-1 eDNA [51
and the partial clone of rat BGT-1 eDNA were labeled by random
priming (Amersham) using [a-32P1 dATP (3000 Ci/mmol, Amer-
sham). Hybridization was carried out at 42°C overnight in 50%
formamide, 5 X SSC, 0.1% SDS, 50 m Na phosphate, 5 X
Denhardt's solution and 100 g/ml salmon sperm DNA. The blots
were washed three times at 45°C for 30 minutes in 1 X SSC and
0.1% SDS. The hybridized probe was quantified by a bioimaging
analyzer BAS2000 (FUJIX, Tokyo, Japan).
In situ hybridization
The kidneys after the perfusion of paraformaldehyde were
placed in a solution of 4% paraformaldehyde for two hours and
30% sucrose overnight. Ciyostat sections (5 jim) were mounted
on siliconized slides. The slides were fixed in 4% paraformalde-
hyde in 0.1 M phosphate buffer for 20 minutes. After washing with
0.1 M phosphate buffer, the slides were treated with a solution of
10 tg/ml proteinase K in 50 mrvi Tris-HC1, pH 7.5 and 5 mM
EDTA, pH 8.0, for one minute at room temperature. They were
postfixed in 4% paraformaldehyde and then treated with 0.25%
acetic anhydride for 10 minutes. They were rinsed in phosphate
buffer (28 miu NaH2PO4, 72 mrvi Na2HPO4) and dehydrated in
increasing concentrations of ethanol.
Tissue sections were hybridized for 24 hours at 55°C in a buffer
(50% deionized formamide, 10% dextran sulfate, 0.3 M NaCl, 1 X
Denhardt's solution, 20 mrvi Tris-HCI (pH 8.0), 5 mrvi EDTA (pH
8.0), 0.2% sarcosyl, 200 gIml salmon sperm DNA, and 500 jig/ml
yeast tRNA) containing one of 33S-labeled cRNA probes. The
probe concentration was I X 106 cpm/200 d per slide. After
hybridization, the sections were immersed in 5 >< SSC at 55°C,
rinsed in 50% deionized formamide, 2 X SSC at 65°C for 30
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Table 1. Serum sodium concentration and osmolality in NaC1 administered rats
.Time after
injection Control
1 2 3 5 8
hours
Na 142 1 157 7 156 2° 150 2° 151 2° 147 1°
Osmolality 291 6 326 li° 316 5° 306 7° 305 2b 307 7'
Blood samples were taken 1, 2, 3, 5, or 8 hrs after intraperitoneal injection of 1.5 ml of 1.5 M NaCl per 100 g body weight, and serum sodium
concentration (mEq/liter) and osmolality (mOsm/kg) were measured. Values are means SD for three different animals.
aP < 0.01, and b P < 0.05 compared with control values
minutes. After rinsing with RNase buffer [0.5 M NaCI, 10 mM
Tris-HC1 (pH 8.0), 5 mr't EDTA (pH 8.0)] three times for 10
minutes each at 37°C, the sections were incubated with 1 sg/ml
RNase A in RNase buffer for 10 minutes at 37°C. After rinsing in
RNase buffer for 10 minutes, the sections were washed in 50%
formamide, 2 X SSC at 65°C for 30 minutes, rinsed with 2 X SSC
and 0.1 x SSC for 10 minutes each at room temperature,
dehydrated in alcohol, and air-dried. In situ hybridization using
AR oligonucleotide probe was performed as reported previously
[193.
Slides were initially exposed to X-ray film for three days to
provide an indication of the intensity of the hybridization signal.
They were then coated with Kodak NTB-2 emulsion diluted 1:1
with water. The sections were exposed at 4°C for two to three
weeks in tightly sealed dark boxes. After developed in Kodak
D-19, fixed with photographic fixer, and washed with water. The
sections were then counterstained with hematoxylin and eosin to
allow morphological identification.
RT-PCR assay of individual microdissected segments along the
nephron
Renal tubule microdissection and subsequent RT-PCR assay
was performed essentially described elsewhere [14]. We designed
two specific primers for PCR. BGT-1 primer 1 was defined by
bases from 400 to 419, BGT-1 primer 2 encompassed bases from
656 to 675. The sequence of the primer I (sense) was 5'-
ACATCATCATCCTflTGCCTGG-3', the primer 2 (antisense) was
5'-CCAGGCCAGCAGAAGGCACAG-3'. These primers are
designed to override some introns [7]. The predominant cDNA
amplification product was predicted to be 275 bp. We chose
glyceraldehyde-3-phosphate-dehydrogenase (GAPDH) as a posi-
tive internal control for RT-PCR. The primers for GAPDH are
follows: GAPDH primer 1 (sense), 5'-TCCCTCAAGATTGT-
CAGCAA-3'; GAPDH primer 2 (antisense), 5'-AGATTCA-
CAACGGATACATF-3'. The predominant eDNA amplification
product was predicted to be 309 bp.
After RT reaction, we divided 20 1.d of RT reaction mixture into
10 pJ for BGT-1 and 5 rl for GAPDH and performed PCR as
described. Thirty-five cycles of sequential steps were done; 94°C
for one minute (denaturing), 60°C for one minute (annealing),
and 72°C for one minute (extension). Then samples were incu-
bated at 72°C for five minutes for final extension. Ten microliters
of the total reaction product was size-fractionated by agarose gel
electrophoresis. After electrophoresis and ethidium bromide
staining, DNA bands were visualized with an ultraviolet transillu-
minator. The PCR products were sequenced and proved to be the
cDNA predicted.
Data analysis
The results shown are means SD. When no error bar is shown
in a Figure, the SD is smaller than the symbol. The data were
statistically analyzed by the one-way analysis of variance(ANOVA). Statistical significance was set at P < 0.05. All
experiments were performed more than twice with similar results.
Results
Northern and slot blot of BGT-1 mRNA
To examine acute regulation of BGT-1 in kidney, high concen-
tration of NaC1 solution was administered by intraperitoneal
injection. Serum Na concentration and osmolality were rapidly
increased one hour after the injection. The significant elevation of
serum Na and osmolality persisted for at least eight hours (Table
1).
To see if BGT-l mRNA is regulated in vivo by acute adminis-
tration of NaCI, total RNA was isolated from the renal cortex and
medulla of NaC1 loaded rats, and hybridized with the rat BGT-1
cDNA probe. When using the canine probe, the results were
essentially the same with less intense signals. Figure IA shows the
Northern blot of the time course of increase in renal medullary
BGT-1 mRNA after NaCI loading. There was no detectable
BGT-1 mRNA in the cortex of kidney (data not shown). Slot blot
assay was used to quantify the abundance of mRNA for the
transporter (Fig. 2). BGT-1 mRNA rapidly increased after NaCl
injection, reaching a maximum five hours after the injection. The
induction was apparent one hour after the injection. After five
hours the relative increase in the mRNA abundance was about 6.8
times control levels in the medulla. Thus, BGT-1 mRNA was
rapidly induced by intraperitoneal injection of NaCl in the
medulla of kidney.
We next examined the effect of loop diuretics. Intraperitorteal
administration of 20 mg/kg of furosemide was performed simul-
taneously with NaC1 injection. Serum Na concentration and
osmolality were not significantly changed by furosernide (data not
shown), so that those values were significantly higher than con-
trols. Figures 1 B and 2 showed the results of Northern and slot
blot analyses. Furoscmide completely prevented the increase in
BGT-1 mRNA caused by NaCI loading either two or five hours
after the injection.
In situ hybridization of J3GT-1
Film autoradiograms generated from sections hybridized with
the BGT-1 probe revealed most intense hybridization signals in
the outer medulla (Fig. 3). BGT-1 signals decreased abruptly at
the junction of outer and inner medulla, and increased from inner
S.
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Fig. 1. A. Northern blot analysis of the time
course of increase in renal medullaiy BGT-l
mRNA after NaCl infusion. RNA was extracted
from the medulla of kidney successively after
intraperitoneal injection of NaCl. Samples of 20
jg of total RNA were separated by
electrophoresis on 1% agarose formaldehyde3.0 kb gel. The ethidium bromide-stained gel (Et-Br
stain) demonstrates equal loading. Numbers are
hours after NaCI infusion. BGT, hetaine y-
amino-n-butyric acid transporter. B. The effects
of furosemide administration on BGT-1 mRNA
abundance. Intraperitoneal injection of 20 mgI
kg of furosemide was performed simultaneously
with NaCI loading. 2 hr + F or 5 hr + F, 2 or
5 hours after NaCI and furosemide
administration.
ization signal detected was highly specific (Fig. 4B). The intense
signals for BGT-1 mRNA in the outer medulla seemed to be
localized to the medullary thick ascending limbs (MTAL) (Fig.
5A). Compared to SMIT expression [13], BGT-1 did not express
in the cortex. There were also significant signals corresponded to
the corticomedullary axis from inner medulla to papillary tip
(Figs. 3 and 4). These signals appeared to be present in the IMCD
(Fig. 5).
NaC1 loading markedly induced the expression of BGT-1 as
expected from the results of Northern blot (Figs. 3 and 4C). The
strongest signals were present in the outer medulla after NaC1
* injection (Figs. 4C and 5B). Furosemide administration (20 mg/kg
i.p.) abolished the increase in BGT-1 mRNA by NaC1 injection
(Figs. 3 and 4D). In contrast to BGT-1 in the outer medulla, the
signals in the inner medulla to papilla were not induced by NaCI
infusion very much (Fig. SD). The signals in the papilla actually
appeared to decrease at the early phase (1 hr and 3 hr) after NaCI
injection and increase thereafter (Fig. 3).
Identification of RT-PCR amplified products in individual
nephron segments
Time after injection, hours
Fig. 2. Time course of abundance of BGT-1 mRNA after NaCI administra-
tion. To load NaCI, 1.5 ml of 1.5 M NaCI (El) per 100 g body wt was
administered by intraperitoneal injection. To see the effects of furosemide
(S), furosemide (20 mg/kg) was injected simultaneously with NaCI
loading. Total RNA was isolated from the medulla of kidneys successively.
Samples of 5 j.g of RNA was spotted on to a nylon membrane using a
slot-blot filtration manifold. Data were abundance relative to abundance
of BGT-1 mRNA in the medulla of control rats. Each point is mean of 3
experiments. < 0.01 versus control; ** < 0.05 versus control; *** <
0.01 versus corresponding NaCI administration without furosemide.
A B
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In situ hybridization revealed that BGT-1 mRNA highly ex-
pressed in the outer medulla and papilla. This distribution pattern
is consistent with the previous report regarding betaine content in
the rat kidney [10]. Outer medulla contains MTAL, outer med-
ullary collecting duct (OMCD) and proximal straight tubule.
Renal papilla mainly consists of IMCD and thin limbs of Henle.
To confirm the renal distribution of BGT-1, we performed
RT-PCR of isolated nephron segments. Figure 6 shows represen-
tative ethidium bromide-stained gels of RT-PCR amplified prod-
ucts for each nephron segments using BGT-1 specific primers. A
single band of predicted size was found in the MTAL, OMCD and
TMCD. There were no signals in glomerulus, proximal convoluted
tubule and thin limbs of Henle's loop. Together with the results of
in situ hybridization, we confirmed that BGT-1 was localized in
MTAL and medullary collecting duct cells.
Localization of expression of osmolyte-related genes
To compare the localization of expression of BGT-1 to that of
other osmolyte-related genes, we performed in situ hybridization
medulla to papillary tip. The signals in the papillary tip were as
intense as those in the outer medulla. No or little signals were
detected in the cortex of kidney.
As shown in Figures 4 and 5, microscopic examination of
emulsion-coated kidney sections confirmed a high grain density in
the outer medulla and papilla (Fig. 4A). The lack of hybridization
with control "sense" probe apparently demonstrated that hybrid-
3,
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0 hr 1 hr 3 hr 5 hr 5 hr+F
Fig. 3. Localization and regulation of BGT-1
mRNA after NaCl administration. Film
autoradiograms showed the pattern of
hybridization of BGT-1 antisense cRNA probe
(35S-labeled) to rat kidney cryosections. A
strong hybridization was detected in the outer
medulla and papilla, whereas the signal was
absent in the cortex. NaCI loading markedly
increased the signals especially in the outer
medulla. 5 hr + F, 5 hours after NaCI and
furosemide administration.
Fig. 4. Dark field photomicrographs demonstrating the pattern of in situ hybridization of 35S-labeled rat BGT-J antisense or sense cRN.4 probe to a clyosection
of paraformaldehyde-.fired rat kidney (x2O. A. Control rat with antisense eRNA probe. B. Sense probe control. C. Five hours after NaCl administration
(antisense cRNA probe). D. Five hours after NaC1 and furosemide administration (antisense cRNA probe). The hybridization signal of BGT-l was
predominantly present in the outer medulla. The signals decreased at the junction of outer and inner medulla. Then they were increasing to papillary
tip.
using cRNA probe for rat SMIT and oligonucleotide probe for the previous report by Bondy and Lightman [201. Using microdi-
AR. Figure 7 shows the autoradiograms demonstrating the ex- section technique, AR activity [211 and sorbitol content [22Jhave
pression of these genes in the kidney of NaCI-loaded rats. AR been shown to be most abundant in IMCD and thin limbs of
expression was localized in the inner medulla and papilla, where Henle's loop. Thus, AR expression, AR activity, and sorbitol
osmolality is presumably highest. This result was consistent with content parallel the inner medullary osmolality profile.
S
1 2 3 4 5 6
BGT
GAPDH
— 275 bp
<— 309 bp
— S — e
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Fig. 5. Localization of BGT-1 mRNA in the kidneys of control (A, C) and NaCI loaded (B, D) rats. A and B. Outer medulla of kidney. Intense
hybridization signals were seen in the medullary thick ascending limbs of Henle's loop (MTAL) and were markedly induced by NaCI injection (X100).
C and D. Inner medulla of kidney. Significant but less intense signals were seen in the inner medullary collecting ducts (IMCD). BGT-1 in this area was
not so sensitive to NaCI loading as TAL (X100).
Fig. 6. Ethidium bromide-stained agarose gel of
RT-PCR amplified products from rat nephron
segments using BGT-1 primers (275-hp product).Quality of tubule samples for RT-PCR was
assessed by ability to amplify GAPDH. Lane 1,
glomerulus; Lane 2, proximal convoluted
tubule; Lane 3, thin limbs of Henle's loop;
Lane 4, medullary thick ascending limbs of
Henle's loop (MTAL); Lane 5, outer medullaiy
collecting ducts (OMCD); Lane 6, inner
medullary collecting ducts (IMCD). A single
band of predicted size was found in the MTAL,
OMCD and IMCD. There were no BUT-i
signals in glomerulus, proximal convoluted
tubule and thin limb of Henle's loop, although
the signals for GAPDH were all similar.
In contrast, SMIT was predominantly present in the outer
medulla. There were also significant signals in the inner medulla
and papilla, although these signals were less intense than those
in the outer medulla. A punctate pattern of the signal was
apparent in the cortex of kidney. Our microscopic examination
i3j and the results of myo-inositol content in microdissected
nephron segments [22] indicated that SMIT was predominantly
present in the cortical and medullary TAL as well as macula densa
cells. The signals in the inner medulla were localized in the
IMCD.
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Fig. 7. Film autoradiograms illustrating mRNAs
for osmolyte-related genes in the kidneys of rats
five hours after NaCI injection. In situ
hybridization was performed using cRNA
probes for SMIT and BGT-1, or
oligonucleotide probe for AR.
Fig. 8. Expression of SMIT, BGT-1 and AR in
rat kidney. Thickness of the dark indicates the
level of the expression of each message.
Discussion
Our results indicate that BGT-1 mRNA is highly expressed in
MTAL as well as IMCD. Figure 8 illustrates the patterns of SMIT,
BGT-1 and AR expressions in the nephron segment of rat kidney.
Although all of these three genes have been shown to respond to
extracellular osmolality in cultured cells [2], expression pattern in
vivo differs among them. The expression of the three genes seems
to correspond to the corticomedullary osmotic gradient in the
collecting ducts. There is no expression of the Na-dependent
osmolyte transporters in the thin limbs of Henle's ioop although
the cells in this segment are likely to be surrounded by compara-
ble osmolalities. This seems efficient because Na,K -ATPase
activity is low in this segment [231. However, another explanation
will be necessary for the intense signals of the two transporters in
TAL.
In contrast to SMIT, BGT-1 mRNA expresses only in the
medullary portion of TAL. There is no or little expression in the
cortex. The expression of BGT-1 seemed to disappear abruptly at
the junction of outer medulla and cortex. This suggests that the
disappearance may be due to change of the type of cells. It has
been shown that two cell types are present in TAL, based on
whether their luminal surfaces are smooth or rough [241. The
former predominate in MTAL and the latter predominate in
cortical TAL (CTAL). Although many properties are common to
both portions of TAL, there are some differences in sensitivity to
hormones and capacity of transport between MTAL and CTAL
[251. For example, parathyroid hormone stimulates adenylate
cyclase in CTAL but not in MTAL in the rat kidney.
We have recently reported that SMIT mRNA is rapidly in-
creased following NaCI loading throughout the TAL [131. The
regulation of BGT-1 by NaCI and furosemide in the MTAL looks
very similar to that of SMIT mRNA. The mechanism for stimu-
lation of transcriptions of osmoregulatory genes remains unclear.
In the case of sorbitol, the change of the intracellular ionic
strength (Na + K) is considered to be the trigger for stimula-
tion of aldose reductase gene [26]. Based on our previous [131 and
the present studies, it is likely that the expression of these
transporter mRNAs changes with the magnitude of NaCI reab-
sorption from the TAL. In fact, there is evidence showing that
intracellular electrolyte concentrations is increased in the TAL
cells in the outer medulla by acute administration of hypertonic
NaCI [27]. Although the concentration is not greatly increased,
the small change of intracellular Na concentration or ionic
strength may be a signal to induce SMIT and BGT-1 expression.
The mechanism of luminal NaCI uptake are energized by the
action of the Na,K-ATPase located in the basolateral mem-
brane. Since this segment is essentially impermeable to water, the
cells reabsorb ions without water movement. We assume that the
osmolality close to basolateral plasma membrane of the tubular
cells, that is peritubular osmolality [28], is very high throughout
the TAL. The peritubular osmolality is supposed to change with
the magnitude of NaC1 reabsorption. Our results can he easily
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explained by this hypothesis. When NaCI is loaded, reabsorption
of the salts increases. The increased reabsorption of NaC1 results
in the elevation of intracellular and/or peritubular osmolality,
which induces the expression of osmolyte transporters in this
segment. The fact that BGT-1 expressed only in the medullary
portion of TAL might be due to the difference in osmolality in the
vicinity of CTAL cells.
Another impressive result is the rapid response of BGT-1 to
NaCl loading. Previous studies concerning osmolyte contents in
vivo demonstrated that it took at least a few days to accumulate
significant amount of osmolytes in kidney tissue after water
deprivation [29, 30]. However, the present study for BGT-1 and
the previous study for SMIT [13] clearly demonstrate that
mRNAs for these transporters are in vivo regulated very rapidly.
These were apparently induced within one hour after NaCI
loading. Comparing to the experiments with cultured cells [6, 31],
the transporter mRNAs seem to respond more rapidly in vivo.
These results suggest that the genes for osmolyte transporters are
much more sensitive to osmotic stress than we previously thought.
The discrepancy between our studies and the previous studies
concerning osmolyte content in vivo may be due to post-transcrip-
tional regulation of the transporters. It has been recently shown
that activation of either protein kinase A or protein kinase C
inhibits the activities of BGT-1 and SMIT [32]. Although there is
no evidence for the regulation at the level of translation, post-
translational regulation such as phosphorylation of the trans-
porter proteins may be involved. Alternatively, the capacity of the
transporter may be too small to accumulate significant amount of
osmolyte in a short time. This might be most plausible explana-
tion. However, in MDCK cells on filters, myo-inositol content
significantly increased eight hours after increasing osmolality, and
reached maximum level (—5 times isotonic level) 24 hours after
the switch [33]. Thus, based on this result, capacity of the
transporters does not seem to be so small. There may be other
reasons for the discrepancy.
Most of the previous studies focused on the osmolyte content in
the inner medulla and papilla [10, 30, 34], where interstitial
osmolality is supposed to be highest. As we showed in the previous
[13] and the present studies, the expression of the mRNAs for
osmolyte transporters in the IMCD seemed to be less sensitive to
acute NaCI loading than that in the TAL. In fact, betaine and
myo-inositol contents in the outer medulla are significantly in-
creased by acute infusion of NaCl [27]. BGT-1 mRNA in the
papilla actually appeared to decrease at the early phase after NaC1
loading. We also observed that dehydration (water deprivation for
3 days) increased BGT-1 signals either in the outer medulla or in
the papilla. Hydration (increasing water intake using sucrose
water for 3 days [12]) decreased the signals in each area (unpub-
lished observations). These results suggest that BGT-1 mRNA in
the papilla responds to the change in interstitial osmolality. It is
possible that reduced expression of BGT-1 after acute NaCl
loading is due to the decrease in the interstitial osmolality in the
papilla.
Although transporter proteins are apparently different, trans-
ports of betaine and myo-inositol share many characteristics. As
far as regulation by extracellular osmolality is concerned, there is
no clear difference between the two transporters. Time course of
the increase in transport rate, mRNA abundance and transcrip-
tion rate after increasing osmolality are quite similar in the
experiments with cultured cells [6, 31]. Osmolality dependency
and solute dependency are also similar. Both transporters are
located on the basolateral plasma membranes [33]. Furthermore,
there was no apparent difference in rapid regulation after NaCl
and furosemide administration in vivo [13]. The differences be-
tween the two osmolyte transporters are as follows. Although both
are Na-dependent transports, BGT-1 is also Cl-dependent [51.
BGT-1 is a member of the brain GABA transporter family [5],
whereas SMIT resembles Na*/glucose transporter [35]. Tissue
distribution of each transporter is different. It has been recently
shown that the two cotransporters behave differently when protein
kinase C activity is down-regulated in MDCK cells [321. Further
studies will be necessary to determine whether BGT-1 or SMIT
plays an unique role in the nephron segment.
In summary, we examined localization of BGT-1 mRNA and its
rapid regulation by NaC1 and furosemide administration. BGT-1
is predominantly present in the MTAL and IMCD. NaCl loading
increased the signals in the MTAL, and furosemide reduced the
signals. The expression pattern of BGT-1 is similar to SMIT
except no expression in CTAL and macula densa cells. The
expression in the collecting duct cells corresponds to corticomed-
ullary osmotic gradient. The signals in MTAL is supposed to be
regulated by intracellular and/or basolateral tonicity as suggested
for SMIT in TAL. The significance of the osmolyte transporters
highly expressed in the TAL segments remains to be established.
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